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The cellular mechanisms regulating the interaction between obesity and lymphedema remain poorly understood. Recent studies have shown that obesity impairs lymphatic function in both mice and humans (1, 29) . For example, our group recently reported that obese mice had decreased ability to transport interstitial fluid in capillary lymphatics and decreased trafficking of inflammatory cells to regional lymph nodes (29) . Other studies have shown that obese patients have decreased clearance of macromolecules from fat depots compared with normal control patients (1) and that severely obese individuals with a very high body mass index (body mass index Ͼ 59) spontaneously develop lower extremity lymphedema (10) . The relationship between lymphatics and obesity appears to be bidirectional; mice with isolated lymphatic defects develop adult onset obesity even on a normal chow diet (11) . Furthermore, even minor injury to the lymphatic system in mice activates adipose differentiation genes and leads to adipose tissue hypertrophy and proliferation (3) . Thus, although it is clear that obesity and lymphatic function are related, it remains unknown how obesity increases the risk of lymphedema. This gap in our knowledge is important since a better understanding of the pathological processes differentiating lymphedema development in obese and lean individuals may provide clinical insights into the development of targeted treatment options for lymphedema.
In the present study, we analyzed the effects of diet-induced obesity (DIO) on lymphatic physiology and the development of lymphedema using a mouse model. Here, we show that adult male C57BL/6J mice fed a high-fat diet become obese and develop diminished lymphatic fluid transport capacity at baseline compared with lean littermates fed a normal chow diet. More importantly, we show that obese mice have a more severe tail lymphedema phenotype with increased adipose deposition, fibrosis, and inflammation. Interestingly, using a topical irritant model, we found that obese mice have a significantly increased propensity to tissue inflammation compared with lean mice, with markedly increased infiltration of macrophages and neutrophils. Taken together, our results suggest that obesity decreases lymphatic function and increases the propensity for inflammation at baseline and that these effects are amplified by lymphatic injury, leading to a more severe lymphedema phenotype.
MATERIALS AND METHODS

DIO.
All experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee at Memorial Sloan Kettering Cancer Center. Male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and maintained in a temperature-and light-controlled environment. To establish DIO, adult male mice were maintained on a high-fat diet (60% kcal from fat, W.F Fisher & Son) beginning at 6 wk of age ad libitum for 8 -10 wk. Age-matched control male wild-type mice were maintained on a normal chow diet (13% kcal from fat; Purina PicoLab Rodent Diet 20, W.F Fisher & Son) for the same period of time (19, 29) . At the conclusion of the experiment, animals were weighed using a digital scale (Sartorius, Bradford, MA).
Mouse tail model of lymphedema. Obese and lean control animals underwent lymphatic injury using a well-described mouse tail model of lymphedema in which the superficial and deep lymphatic system of the tail was excised through a 2-mm circumferential skin excision in the midportion of the tail (5, 9, 23, 26) . Our group and others have previously shown that this model results in sustained lymphedema of the distal tail, severe impairment in lymphatic function, and histological features of clinical lymphedema (e.g., chronic inflammation, adipose deposition, and fibrosis) for at least 10 wk postoperatively (5, 9, 23, 26) . A separate set of obese and lean animals (n ϭ 8 -10 animals/group) had no tail surgery and served as our baseline controls. Animals were euthanized 6 wk postoperatively and analyzed as outlined below.
Tail volumes, lymphoscintigraphy, and histological analysis. Tail volume calculations were analyzed using multiple digital caliper tail circumference measurements distal to the zone of lymphatic injury and the truncated cone formula as previously described (9) . Lymphoscintigraphy was also performed as previously described to quantify lymphatic flow to the sacral lymph nodes by injecting 50 l of filtered technetium ( 99m Tc) sulfur colloid into the distal tail (6). Decayadjusted uptake was recorded in the sacral lymph nodes using an X-SPECT camera (Gamma Medica, Northridge, CA), and region of interest analysis was performed using ASIPro software (CTI Molecular Imaging, Knoxville, TN) (9) .
For histological and immunohistochemical analysis, tail sections were harvested, briefly fixed in 4% ice-cold paraformaldehyde (Sigma-Aldrich, St. Louis, MO), decalcified using 5% EDTA (Santa Cruz Biotechnology, Santa Cruz, CA) for 72 h, and paraffin embedded.
Abdominal sections were harvested from obese and control mice using 5-mm punch biopsy kits (Fray Products, Buffalo, NY), fixed in 4% paraformaldehyde (Affymetrix, Cleveland, OH), and subsequently paraffin embedded. Hematoxylin and eosin-stained sections were prepared using standard techniques, and subcutaneous tissue thickness analysis was performed in histological cross-sections located 1.5 cm distal to the surgical site by blinded reviewers (n ϭ 6 -8 crosssections/group). The distance from the basal layer of the epidermis to the deep fascia was analyzed in 4 standardized regions/section.
Immunohistochemical staining was performed according to our established techniques (5) . Paraffin-embedded tissues were briefly rehydrated, and antigen unmasking was performed using boiling sodium citrate (Sigma-Aldrich). Endogenous peroxidase activity was quenched, and nonspecific binding was blocked with 2% BSA-20% animal serum. Tissues were incubated with primary antibody overnight at 4°C, and antibody staining was visualized using horseradish peroxidase-conjugated secondary antibodies developed with diaminobenzamine complex (Vector, Burlingame, CA). Primary antibodies used for immunohistochemical stains included lymphatic vessel endothelial hyaluronan receptor (LYVE)-1, CD45, and CD4 (all from R&D, Minneapolis, MN). All secondary antibodies were obtained from Vector Laboratories. Sections were analyzed using bright-field microscopy, and regions of interest were scanned using a Mirax slide scanner (Zeiss, Munich, Germany). Cell counts were performed on high-powered sections, with a minimum of 4 -6 animals/group and 4 -5 high-powered fields (HPFs)/animal by two blinded reviewers.
Fibrosis was assessed using our previously published methods to quantify Sirius red staining (Polysciences, Warrington, PA) and collagen type I immunohistochemistry (4) . Briefly, the Sirius red scar index was calculated using polarized light microscopy to determine the ratio of orange/red to yellow/green birefringence and was analyzed using Metamorph Offline software. Collagen type I immunohistochemistry was performed using an antibody to mouse collagen type I (Abcam, Cambridge, MA) and quantified as a ratio of the area of positively stained dermis within a fixed threshold to total tissue area. A: body weight measurements in control (i.e., nonoperated) and lymphedematous mice fed either a high-fat diet (HFD; obese mice) or a normal chow diet (lean mice). *P Ͻ 0.05. B: tail volume measurements in lean or obese mice for 6 wk after tail lymphatic ablation. C: representative gross photographs (top) and representative cross-sectional histological sections (ϫ2.5 magnification) of the distal tail in control and lymphedematous animals 6 wk after lymphatic ablation. D: quantification of adipose deposition in control and lymphedematous animals 6 wk after surgery. *P Ͻ 0.05. Brackets (top) demonstrate adipose tissue thickness in representative hematoxylin and eosin-stained cross-sectional sections shown at ϫ10 magnification.
Croton oil-induced inflammation and flow cytometry. To determine if obese mice have an increased propensity for inflammation, we used a well-described croton oil assay (7). Our preliminary experiments were performed using the mouse tail; however, we found that in these instances, croton oil caused only minimal inflammation due to the relative thickness of the tail skin. Subsequently, we performed these experiments by applying either croton oil or PBS (control) to the shaved abdominal skin, as previously described by Bao et al. (7) . A total of 150 l of 2% croton oil (Sigma-Aldrich) were dissolved in 70% acetone (Fisher Scientific, Pittsburgh, PA) and applied to a 2 ϫ 2-cm abdominal region. Twelve hours after the application of croton oil, tissue sections were harvested for histological analysis and flow cytometry.
Flow cytometry was performed on a standardized 2 ϫ 2-cm portion of abdominal skin as previously described (33) . Briefly, abdominal skin was stripped from the underlying tissues and digested at 37°C for 30 min in PBS with collagenase D (0.2 mg/ml), DNAse I (0.1 mg/ml), and dispase (0.4 mg/ml, all from Roche Diagnostics, Indianapolis, IN). Tissue digests were then filtered through a 70-m filter (BD Falcon, Franklin Lakes, NJ) and resuspended as a single cell suspension in PBS-2% FCS-sodium azide solution for flow cytometry analysis. Cells were blocked at 4°C with Fc block (CD16/CD32, eBioscience, San Diego, CA) to block endogenous Fc receptors. Single stains were performed on UltraComp eBeads (eBioscience, San Diego, CA) for optimization of cytometer settings. Cell suspensions isolated from peripheral tissues were then stained using fluorophoreconjugated antibodies for the following cell surface markers: CD45 (BioLegend, San Diego, CA), F4/80, CD11b, and lymphocyte antigen 6G (all from eBioscience, San Diego, CA). Cell suspensions were analyzed using a Fortessa 2 flow cytometer (BD Biosciences, San Jose, CA) with BD FACSDiva software, and subsequent data analysis was performed using FlowJo software (Tree Star, Ashland, OR). Cell populations were analyzed and defined using the cell surface markers listed above using 5 animals·group Ϫ1 ·experiment Ϫ1 . Statistical analysis. Statistical analysis was performed using GraphPad Prism (GraphPad Software, San Diego, CA) software. Student's t-test was used to compare differences between two groups. Analysis between multiple time points (lymphoscintigraphy) was performed using two-way ANOVA with post hoc tests to compare individual groups. Descriptive analysis and graphic methods were used to analyze and summarize results. Data are presented as means Ϯ SD unless otherwise noted, with P Ͻ 0.05 considered significant.
RESULTS
Obese mice have increased adipose deposition after lymphatic injury. As expected, feeding male C57BL/6J mice a high-fat diet for 8 -10 wk resulted in a significant (2. increase in body weight compared with lean mice (P Ͻ 0.0001; Fig. 1A ). However, lymphedema did not further cause systemic changes in body weight. Interestingly, we found no significant difference in tail volume measurements when we compared lean and obese mice that had undergone tail lymphatic excision (Fig. 1B) . However, histological analysis of the tails demonstrated a significant increase in adipose deposition in obese mice both at baseline and after the induction of lymphedema (both P Ͻ 0.01; Fig. 1, C and D) .
Obesity with or without lymphatic injury decreases lymph node 99m
Tc uptake. Consistent with our previous studies comparing lymph node uptake in the upper extremity of obese and lean mice, we found that uptake of 99m Tc-labeled sulfur colloid by the sacral lymph nodes after distal tail injection was significantly decreased in obese mice compared with lean mice at baseline (Fig. 2, A-C) (29) . Obese mice had decreased peak nodal uptake and decreased decay-adjusted uptake compared with control mice (P Ͻ 0.01; Fig. 2, B-D) . Similarly, we found that, although lymph node uptake was significantly decreased in mice with lymphedema, obese mice had significantly worse function (4 times less uptake) than lean mice treated in the same manner (P Ͻ 0.01; Fig. 2, B and C) . However, we did not find significant differences between groups in the number or area of LYVE ϩ dermal lymphatics in tail skin 1.5 cm distal to the zone of lymphatic injury (Fig. 2E) .
Obese mice have an exaggerated inflammatory response after lymphatic injury. Previous studies have shown that visceral fat T cell inflammation is a crucial regulator of pathological responses to obesity, including metabolic syndrome and cancer (19, 30). In addition, our laboratory and others have shown that T cells negatively regulate lymphangiogenesis and lymphatic function and that CD4
ϩ cell inflammation plays a crucial role in the pathogenesis of lymphedema (16, 31) . Therefore, to analyze the effects of obesity on inflammation in general and CD4 ϩ cell inflammation in particular, we performed immunohistochemical staining on mouse tail tissues in both control (i.e., nonoperated) and lymphedema models. Interestingly, we found that obese mice did not have significant changes in the number of CD45 ϩ cells/HPF and only modest (although significant) increases in the number of CD4 ϩ cells/ HPF in tail subcutaneous tissues at baseline (P Ͻ 0.01 for CD4 ϩ cells; Fig. 3, A and B) . However, analysis of tissue sections from lymphedematous tails demonstrated a marked increase in CD45 ϩ cell (3-fold) and CD4 ϩ cell (2.5-fold) inflammation in obese mice compared with lean control mice (P Ͻ 0.01 for both; Fig. 3, A and B) .
Obese mice have increased fibrosis after lymphatic injury. Fibrosis and hyperkeratosis are histological hallmarks of lymphedema (4, 5, 9, 20, 25) . In addition, our group has previously shown that fibrosis is a critical regulator of lymphatic regeneration and lymphatic function and that this response is dependent on CD4 ϩ cell inflammation (4, 33) . Therefore, to analyze the effects of obesity on soft tissue fibrosis, we analyzed collagen deposition using immunohistochemistry and Sirius red staining as we have previously reported (6) . Consistent with our analysis of CD4 ϩ cells, we found that obese mice have significantly increased dermal fibrosis after lymphatic injury, as reflected by increased collagen deposition and increased scar index (P Ͻ 0.01; Fig. 4, A  and B) . Obese mice also demonstrated increased dermal thickness consistent with hyperkeratosis and a heightened response to lymphedema (P Ͻ 0.01; Fig. 4C) .
Obese mice have a heightened acute inflammatory response to noxious stimuli. Given that we found that obese mice had an exaggerated chronic inflammatory response after lymphatic injury, we next sought to determine if obesity also increased the potential for acute inflammation. This is important since we have previously shown that lymphatic injury activates innate immune responses and endogenous danger signals very rapidly (32) . To accomplish this goal, we applied croton oil, a wellestablished irritant dermatitis model, to investigate differences in acute inflammation between obese and lean mice. Consistent with our previous reports, we found that obese mice had increased numbers of macrophages and CD45 ϩ leukocytes in their subcutaneous fat at baseline (Fig. 5A) (29) . Before the application of croton oil, obese mice had crown-like structures composed of macrophages engulfing necrotic adipocytes. This effect was markedly increased 12 h after exposure to croton oil, resulting in a massive influx of macrophages and monocytes. These findings were confirmed with flow cytometry, which demonstrated a massive increase in the number of CD45 ϩ cells, macrophages, and neutrophils in the subcutaneous tissues of obese mice 12 h after exposure to croton oil (P Ͻ 0.01 for CD45 ϩ cells and P Ͻ 0.05 for macrophages and neutrophils; Fig. 5, B-D) .
DISCUSSION
The goal of the present study was to identify the cellular and molecular mechanisms by which obesity increases the risk of clinical lymphedema. To accomplish this goal, we chose to use a diet-induced model of obesity rather than a genetic model since we have previously shown that this model is useful for studying lymphatic function and, more importantly, because DIO mice do not have significant immune or metabolic abnormalities that are known to exist in other obesity models such as ob/ob or db/db mice (29) . Consistent with our previous report, we found that exposure to a high-fat diet rapidly resulted in significant weight gain in adult male C57BL/6J mice (29) . We additionally found that DIO mice had only minor metabolic derangements (not shown). Interestingly, DIO mice had impaired lymphatic transport even before lymphatic injury, and this response was significantly amplified 6 wk after lymphatic ablation in the tail. This finding suggests that obese patients may be at higher risk for developing lymphedema because they have a decreased lymphatic reserve before surgery. This concept is clinically supported by previous studies demonstrating a wide range of baseline lymphatic transport capacities and, more importantly, by the fact that patients who have a diminished capacity at baseline are at higher risk for developing lymphedema (28) genetic lymphatic defects secondary to a heterozygous inactivating mutation of the prospero homeobox 1 gene become obese as adults, even when maintained on a normal diet. Thus, it is possible that obesity sets up a cycle of pathology with obesity causing lymphatic dysfunction, which, in turn, adds to the pathology of obesity and increases adipose deposition (11) .
We have previously shown that CD4 ϩ cell-mediated inflammatory reactions play a crucial role in the regulation of lymphatic function. For example, we have reported that lymphatic injury results in massive chronic CD4 ϩ cell inflammation and that inhibition of this response (using either transgenic animals deficient in CD4 ϩ cells or by depletion of these cells using neutralizing antibodies) significantly decreases the severity of lymphedema (6, 33) . Moreover, we have shown that the severity of clinical lymphedema correlates with the degree of the CD4 ϩ cell inflammatory response in subcutaneous and dermal tissues (6) . Consistent with these findings, we found that obese mice had a significantly increased chronic inflammatory response after lymphatic injury. In fact, obese mice not only had increased tissue CD4
ϩ cell inflammation at baseline but also a much more potent inflammatory response 6 wk after lymphatic ablation. This is important as we have previously shown that CD4 ϩ cells regulate tissue fibrosis and contribute to lymphatic regeneration (6, 33) . Consistent with this concept, we found that obese mice had significantly increased tissue fibrosis and adipose deposition compared with their lean littermates. Taken together, these findings suggest that in addition to baseline lymphatic defects, obese patients may be at higher risk for developing lymphedema due to heightened immune responses that promote fibrosis and further impair lymphatic function. Thus, antifibrotic treatment or strategies designed to decrease CD4 ϩ cell inflammation after lymphatic injury may be a potentially attractive strategy for the prevention of lymphedema in obese patients.
Interestingly, we did not find significant differences in the number of lymphatic vessels or vessel area when we compared obese and lean mice either before injury or 6 wk after lymphatic ablation. This was somewhat surprising since we and others have previously shown that T cells in general secrete a number of antilymphangiogenic cytokines, including interfer- on-␥ and transforming growth factor-␤ 1 (16, 31) . However, it is likely that the cytokine milieu in obese mice may be different (i.e., increased expression of lymphangiogenic cytokines), thereby resulting in a minimal net difference in the overall lymphangiogenic response in tissues. It is also possible that at the 6-wk time point, changes that had occurred in the lymphatic vessels may have resolved. Either way, the regulation of lymphatic endothelial cell proliferation and differentiation in obesity is an important area and will be the topic of future studies.
Consistent with our previous report, we found that obese mice had increased subcutaneous adipose tissue inflammation at baseline (29) . More importantly, we found that obese mice had more profound acute inflammatory responses compared with lean mice when exposed to a topical irritant. These differences in acute responses may be related to impaired lymphatic function in obese mice since previous studies have shown that lymphatics play a critical role in clearing inflammation. For example, Huggenberger et al. (15) demonstrated that systemic treatment of K-14 VEGF-A transgenic mice with VEGF receptor-3-neutralizing antibodies decreased lymphangiogenesis and resulted in markedly increased inflammation and edema formation. In a separate study (14) , these authors directly showed that increased lymphatic drainage in the skin of K-14 VEGF-C or VEGF-D transgenic mice resulted in decreased inflammation and edema formation in response to a variety of inflammatory stimuli, including ultraviolet radiation and oxalazone treatment. Taken together, these findings suggest that impaired lymphatic function in obese mice predisposes these animals to a more profound acute and chronic inflammatory responses and that this effect, in turn, leads to further impaired lymphatic function and more significant lymphedema. This hypothesis is supported by our previous studies demonstrating that impaired lymphatic function in obesity is due at least in part to T and B cell inflammation (29) as well as previous studies demonstrating antilymphangiogenic roles for T cells during wound healing and in inflammatory lymphangiogenesis models (6, 16, 31) .
In conclusion, we have shown that obesity increases inflammation, fibrosis, and adipose deposition in response to lymphatic injury, thereby providing a rationale for epidemiological studies demonstrating an increased risk of lymphedema in obese patients. These results are important because they begin to identify the cellular and molecular mechanisms regulating the pathology of lymphedema and suggest that targeted antiinflammatory or antifibrotic approaches may be useful in preventing the development of lymphedema in obese patients. In addition, the present study provides further observational evidence that the pathology of lymphedema is related to inflammatory reactions secondary to lymphatic stasis.
